Genomes of the closely related bacteriophages fX174 and S13 are 5386 bases long and di¡er at 114 nucleotides, a¡ecting 28 amino acids. Both parental phages were adapted to laboratory culture conditions in replicate lineages and analysed for nucleotide changes that accumulated experimentally. Of the 126 experimental substitutions, 90% encoded amino-acid changes, and 62% of the substitutions occurred in parallel in more than one exp erimental line. Furthermore, missense changes at 12 of the experimental sites were at residues di¡ering between the parental phages; in ten cases the fX174 experimental lineages were convergent with the S13 parent, or vice versa, at both the nucleotide and amino-acid levels. Convergence at a site was even obtained in both directions in three cases. These results point to a limited number of pathways taken during evolution in these viruses, and also raise the possibility that much of the amino-acid variation in the natural evolution of these viruses has been selected.
INTRODUCTION
The direction and magnitude of adaptation by a population are determined by heritable variation, which ultimately depends on the nature of mutations. Nonetheless, one of the most popular and productive approaches in evolutionary biology is built on the principle of ¢tness optimization, which implicitly assumes that genetic details can be ignored. This view supposes that natural selection imposed by the environment, the breeding system and other properties of the population is the ultimate determinant of phenotypic evolution, because su¤cient genetic variation exists or can arise to evolve in many directions (Maynard Smith 1982 , 1989 . The success of the optimization school suggests that organisms possess considerable latitude in adaptation. What, then, are the limits and constraints on adaptation?
Convergent and parallel molecular evolution are signatures of common pathways of evolution and may re£ect limited avenues for adaptation. We use the term`parallel evolution' to describe the independent occurrence of the same substitution in two independent lineages. Parallel evolution is a special case of convergent evolution, which describes a substitution to the same nucleotide that is present in another, independently evolved lineage. Parallel and convergent molecular evolution have been observed in both experimental populations Crill et al. 2000; Cunningham et al. 1997; Treves et al. 1998; Wichman et al. 1999 ) and natural populations (Borman et al. 1996; ¡rench-Constant 1994; Stewart & Wilson 1987 ) of viruses, bacteria and even insects and mammals exposed to the same, strong selection pressures.
In a similar vein, comparisons of naturally evolved taxa sometimes exhibit a high incidence of amino-acid substitution at a small number of sites, suggesting that a limited number of residues are responding to selection (Bush et al. 1999; Crill et al. 2000; . Nonetheless, convergent and parallel molecular evolution are still regarded as novelties and are poorly understood, perhaps because of the paucity of systems in which it has been possible to observe DNA sequence changes during evolution.
The present study began as an extension of earlier experimental work on parallel evolution in the bacteriophage fX174 Crill et al. 2000; Wichman et al. 1999) . High levels of parallel evolution were observed in culture when replicate lineages of that phage were adapted to high temperature and novel host. The initial question for the present study was whether the changes accumulating during experimental adaptation depended on the sequence of the starting genome. Speci¢-cally, we sought to compare the nucleotide changes accumulating in fX174 with those accumulating in the close relative S13 under the same experimental conditions. At the completion of this work, it became clear that the most novel asp ect of the study was a comparison of the experimental changes with the di¡erences between the two natural isolates, fX174 and S13.
MATERIAL AND METHODS
The experimental p ortion of this study consisted of adapting 12 lineages of p hage to bacterial hosts grown at the high temperature of 43.5 8C. Each p eriod of adaptation lasted 10^11 days and was performed in a chemostat that maintained a tube of bacterial hosts free of phage, these hosts being p ump ed continuously into a second tube containing p hage . Six experimental lineages were initiated with a parental isolate of S13 and six exp erimental lineages from a parental isolate of fX174. Three of the S13 lineages were grown on host Escherichia coli C (lineages 13C1, 13C2 and 13C3); three of the S13 lineages were grown on host Salmonella typhimurium (13S1, 13S2 and 13S3), and similarly for the fX174 lineages (XC1, XC2 and XC5; XS3, XSid and XStx). All of the S13 lineages and XC5 were new to this study, whereas the remaining fX174 (X) lineages have been published previously (the p re¢x`X' was not used in their prior designations: see Bull et al. (1997) for C1, C2 and S3, and Wichman et al. (1999) for Sid and Stx). The X lineages C1, C2 and S3 were adapted for 11 days by raising the temperature by 1 8C daily from 38 to 43.5 8C with ¢ve days at the latter temp erature, whereas the other nine lineages were initiated and maintained for ten days at 43.5 8C.
Each lineage is represented by the complete sequence of an isolate obtained at the end of its passage as well as the sequence of the starting (parental) phage. The sequence of our fX174 isolate di¡ered from the original Sanger sequence (Sanger et al. 1977) at ¢ve positions (GenBank accession numbers AF176034 versus V01128, as noted in Bull et al. (1997) ), whereas the sequence of our parental S13 isolate di¡ered from that of the p ublished sequence (Lau & Spencer 1985) at 22 positions (GenBank accession number AF274751 for our isolate, M14428 for the original S13 sequence). For S13, our isolate showed 11 contiguous di¡erences from the published sequence over a 380-base stretch, for which the published sequence was identical with that of fX174 (base p ositions 512^892 in the fX174 genome). The simple interp retation of this di¡erence is that either the p reviously published S13 isolate was a recombinant with fX174 over this region, or our isolate was a recombinant with an uncharacterized phage.
Additional details on the strains and methods of phage p rop agation and sequencing have been described in previous p ublications on this system Crill et al. 2000; Wichman et al. 1999) . For simplicity in this study, the numbering of bases for both fX174 and S13 follows the convention for fX174 in Sanger et al. (1977) , and are therefore not consistent with the p ublished numbering for S13 (Lau & Spencer 1985) .
RESULTS
(a) Natural isolates exhibited typical ratios of missense to silent variation Our parental fX174 and S13 isolates di¡ered by seven substitutions in intergenic regions, 78 silent substitutions in coding regions, and 29 substitutions in codons with predicted amino-acid di¡erences between the two phages (28 codons a¡ected). Thus, the ratio of missense substitutions to silent substitutions was 0.37. For the spectrum of nucleotide di¡erences that separated the fX174 and S13 isolates, the ratio of missense to silent changes that would be observed in the absence of selection was 2.06, which was 5.7-fold the observed ratio. (To address changes in overlapping genes, a change was considered silent if it did not a¡ect the amino-acid sequence of any gene overlapping the site.) There has probably been purifying selection against missense substitutions to a greater extent than against silent ones, and the ratio of missense to silent changes was not high enough to arouse suspicion that adaptive evolution has had a role in this divergence (Li 1997 ).
(b) Exp erimental lineages acquired mostly missense changes Among the 12 experimental lineages, there were 126 substitutions and two identical deletions (Appendix A). A total of 72 sites experienced one or more substitutions. All but ten of these sites encoded missense changes, and the others were silent. All ten silent changes were within coding regions; however, owing to the overlapping nature of some genes, substitutions in one gene can lie in regulatory regions of downstream genes. For example, one of the silent substitutions (at position 324) was in gene C and occurred in four lineages, but was also in the regulatory region of gene D. The ratio of missense to silent changes was therefore 8.7, which was 23-fold that between the parental phages. This result is consistent with the view that most of the changes in chemostats were selected, a view supported by the high level of parallelism and the observed dynamics of changes sweeping though the populations Crill et al. 2000; Wichman et al. 1999) .
(c) Signi¢cant clustering of parallel changes occurred within host and phage In this study we use the term`parallel evolution' to describe the independent occurrence of the same substitution in two independent lineages. For example, at nucleotide position 4110, the ancestral state in both fX174 and S13 is a C, but parallel substitutions to T occurred in four of the S13 experimental lineages and three of the fX174 experimental lineages. We use the term`convergent evolution' to describe a substitution in an experimental lineage that is to the same nucleotide as in the other parental phage. For example, at nucleotide position 1460, the ancestral state in S13 is G and the ancestral state in fX174 is C. Two experimental lineages of S13 had G to C changes at 1460, whereas one fX174 lineage had a C to G change at this site. The two changes in S13 occurred in parallel (i.e. the same substitution at the same nucleotide site) and converged on the sequence of fX174, whereas the single change in fX174 converged on the sequence of S13.
Parallel substitutions were observed at 27 out of 72 sites that evolved in the experimental lines, accounting for 62% of all substitutions. The average number of substitutions at these sites was 2.9, but the distribution of parallelisms was broad: 14 of these sites experienced just two parallel changes, seven sites exp erienced three, four experienced four substitutions, and one site each experienced six and seven substitutions.
Parallel substitutions provide a convenient method of evaluating the e¡ect of environment and genotype on the substitution process. The extent to which the same substitution arises in replicate lineages provides an unambiguous measure of the repeatability of the evolutionary process, one that controls for genome position, mutation process, and so on. However, in interpreting our data we point out that these experiments were performed in two di¡erent laboratories by all four authors, and some measured and many unmeasured variables were not equally spread across all phage^host combinations. Five lineages were part of previously published studies, and three of them (XC1, XC2 and XS3) were evolved under a di¡erent temperature protocol from the others. Thus, some clustering of parallel substitutions within a phage typ e, or within a phage^host combination, could stem from subtle di¡erences in propagation treatments. Examination of the data suggests that this e¡ect is probably small. There is only slightly less parallel evolution between lines adapted under alternative protocols than between lines adapted under the same protocol, but little if any e¡ect of di¡erent individuals or laboratories. For example, XC1 and XC2 (adapted under the same protocol in the same laboratory) had parallel changes at ¢ve sites, whereas XC5 (adapted under the later protocol in a di¡erent laboratory) had parallel changes with XC1 at four sites and XC2 at three sites. Similarly, XSid and XStx (adapted under the same protocol in di¡erent laboratories by di¡erent individuals) had parallel changes at six sites, whereas XS3 (adapted under the earlier protocol but in the same laboratory and by the same individual as XSid) had parallel changes with XSid at three sites and XStx at four sites. With this caveat, we o¡er a brief analysis of the clustering of parallel changes within treatments.
Parallel evolution was obtained both at sites whose initial base identity di¡ered and at sites with the same base in the two parental phages. The latter sites o¡er the most straightforward way of evaluating whether host and/or genotype in£uenced evolution: if certain phageĥ ost combinations are more likely than others to evolve a particular change, parallel changes should occur in the same phage^host combination more often than at random. For example, with two parallel changes, the chance that both occur in the same phage^host treatment is 2/11, if host and phage genome have no e¡ect. Of the nine sites that experienced two parallel changes and did not di¡er between the parental phages, seven were con¢ned to a single phage^host treatment (these seven were distributed across three of the four treatments). The probability of this clustering is approximately 0.0001 under the null model. Similarly, with three parallel changes, two of the six cases were also con¢ned to a single phage^host treatment, for p 50.005. There is thus substantial evidence that both phage and host a¡ect the substitution process, subject to the caveat o¡ered above. This conclusion strictly applies to only a subset of the sites included in these tests, as the substitution process at other sites could be insensitive to treatment.
(d) Parallel and convergent evolution occurred between natural di¡erences and experimental changes The most striking result is that, of the 28 amino-acid di¡erences between our parental isolates of fX174 and S13, the experimental lineages evolved changes in 12 of these codons (table 1) . The total number of nucleotide positions with changes that caused amino-acid substitutions in the experimental lineages was 62. A bootstrap analysis indicated that the expected number of experimental substitutions landing in these 28 codons was approximately 1, and that the expected number of substitutions at the same nucleotide sites was approximately 1/2 (p5 510 76 for the observed level of convergence between experimental and natural isolates in either case; the bootstrap simulation used the observed substitution matrix and sampling without replacement).
The signi¢cance of this pattern is enhanced beyond the level indicated by this test in two ways. First, parallel changes were observed in more than one of the experimental lineages at seven out of these 12 sites. Second, convergent changes occurred in both directions at three sites (i.e. the residue in fX174 converged on the sequence of S13 and vice versa).
DISCUSSION
High rates of parallel substitutions were reported previously in fX174 adapted to high temperature in chemostats Crill et al. 2000; ). The present study extends those ¢ndings in that (i) the set of experimental lineages now includes S13, a close relative of fX174; (ii) parallel evolution exhibits signi¢cant clustering by phage and host and thus probably depends on the genotype of the starting phage (a host e¡ect was reported previously); and (iii) striking similarities were observed between the substitutions in 
experimental lines and the di¡erences between our parental genomes of S13 and fX174. Of the experimental substitutions, 90% were missense. As noted previously, this high rate of missense substitutions, combined with the previous observations of high levels of parallel substitutions and rapid nucleotide replacements in chemostats, indicate that most substitutions in chemostats are adaptive (Crill et al. 2000; Wichman et al. 1999) . In contrast with the high percentage of missense substitutions in experimental lines, only ca. 25% of the di¡erences between the parental phages were missense. This level of missense changes is more typical of natural evolution, and would usually be interpreted to suggest that drift and purifying selection of amino-acid substitutions were the predominant processes in the natural evolution of these viruses. However, the extraordinary concordance between experimental and natural missense substitutions raises the possibility that many of the natural amino-acid substitutions were selected.
A surprising result here is that many experimental changes are convergent with one of the parental phages. This type of convergence can be detected only at sites di¡ering between the two parental genomes, and thus could not have been observed in our earlier studies. It means either that the same substitutions occurred in our experiments as in nature or that our experiments reversed a natural change. Three classes of model can be invoked to explain these results. These models extend and complement those proposed to explain the parallelism between experimental replicates ).
(i) Population dynamics: large population sizes and high mutation rates allow the phage to explore the adaptive landscape more completely, and thus to converge on the same bene¢cial substitutions of large e¡ect. (ii) Genetic constraints: these phages have few residues that can change in resp onse to selection, and those residues respond to a wide range of selective factors. (iii) Common selection: the selective environment in our chemostats duplicated the selective history of the natural phages, or equivalently, di¡erent environmental challenges were selecting for the same phenotypic change in the phage.
These three models prop ose that convergence stems from extremes in di¡erent components of the evolutionary process, and the models are not necessarily exclusive of one another. For example, to suppose that a similar selective environment between our chemostats and the evolutionary history of the parental phages is the cause of convergence also requires either (i) a limited spectrum of bene¢cial mutations in that environment or (ii) few mutations of large bene¢t, and also a large population size to ensure the evolution of the best mutations. Any full description of adaptation necessarily includes all three components; the issue here is therefore the quantitative one of whether our system is extreme in any or all of these components. We now discuss each of these possibilities.
(a) Pop ulation dynamics
Population sizes in the chemostat were large. With typical titres of 10 8 ml 71 and a population doubling 100 times per day, a ten day experiment would pass in excess of 10 11 phage through the chemostat. If approximately one in every 300 phage has a new mutation (Drake 1991) , there would be 10 9 new mutations, or more than 10 5 variants per site, during the course of an experiment. These numbers are perhaps gross approximationsöwe do not know the e¡ective number of phage in the chemostat, and mutation rates for the same class of transition (e.g. A! G) can vary by three orders of magnitude in a single phage genome (Ronen & Rahat 1976) . While it is plausible that most single-site variants arose numerous times during the course of these experiments, some potentially adaptive changes may seldom (or never) occur due to mutational constraints. Thus complete exploration of the adaptive neighbourhood is unlikely even with very large population sizes. Nevertheless, independent populations would have been likely to converge on the same substitutions of large e¡ect, as long as there were few classes of large-bene¢t mutations available. This model also requires that the ancestral, natural populations of fX174 and S13 were large.
(b) Genetic constraints This model assumes that few residues in the genome are free to vary without deleterious consequences, and that these few sites can also respond to multiple selective factors. There is in fact some evidence to support this idea. Fane and co-workers (Ekechukwu & Fane 1995; Fane & Hayashi 1991; Fane et al. 1993) identi¢ed 16 fX174 mutations a¡ecting gpF, obtained either as second-site suppressors of primary phage mutations in internal and external sca¡olding proteins, or in response to host defects. Of the 426 residues in gpF, three changes are common to Fane's 16 mutations and the 18 substitutions in gpF in our experimental lines (expected: 0.76; pˆ0.03 for three or more residues in common under the null model; Poisson test).
One interpretation of this result is that these sites are responsive to multiple aspects of the environment. However, the magnitude of concordance between Fane's sites and ours is much less than that observed between our experimental lines and the parental di¡erences. An alternative interpretation of these results (and this model) is that what seem to us to be very di¡erent selective pressures are in fact favouring the same phenotypic resp onse. For example, exposure to a high temperature, a novel host or a ¢xation of new substitutions might all destabilize the procapsid, and thus select for the same substitutions.
(c) Common selection Our remaining alternative concerns the similarity of selection. It seems incredible that di¡erences in the selective history between fX174 and S13 might be recreated in the chemostats. However, some aspects of this model are plausible. S13 was originally isolated on Salmonella typhimurium and, after an unknown period of laboratory propagation on that host, was switched to E. coli C. Possibly, host is a factor di¡ering in similar ways between the evolutionary history of the natural isolates and in our chemostats (although our Salmonella strain, at least, undoubtedly di¡ers from natural strains in some important ways). In support of the host as a common variable across natural and experimental lines, some of the di¡erences between the S13 and fX174 major capsid gene were shown to a¡ect host-speci¢c adaptation in chemostats (Crill et al. 2000) . A further selective factor that could be identical between natural and experimental lines is intraspeci¢c competition. Chemostats maintain high densities of phage, such that one of the major selective agents is probably competition between unrelated genomes infecting the same cell. This density-dependent competition can impose selection that is largely a function of the phage genome itself, regardless of whether the competition occurs in nature or the laboratory. A comparison of two di¡erent natural isolates corroborates this model, although with less force. The two isometric phages a3 and fK both di¡er from fX174 and S13 at ca. 39% of their nucleotides in the major capsid protein (gene F), but di¡er from each other by only 13%. The major capsid protein (gpF) is easily alignable and is almost the same length in all four phages, so across these regions of known homology, the 36 residues di¡ering between a3 and fK can be compared with the nine di¡ering between fX174 and S13 (¢gure 1). There are three residues in common, compared with only 0.76 expected (p 5 0.05), so there is weak evidence that evolution has been restricted to a portion of this molecule, but again the e¡ect does not seem to be large. However, in this case the extensive divergence of the gene between the two pairs of phages weakens any expectation that the same subset of residues would be responsible for most adaptation. Nonetheless, two of the three residues that di¡er between fX174 and S13 and also di¡er between a3 and fK are included in the seven residues demonstrated by experimental evolution to be involved in host speci¢-city (F101 and F153; ¢gure 1c). These same two residues also changed in our experimental lines.
An elaboration of our understanding of capsid mutations might shed light on these parallelisms and convergences in this gene. We have identi¢ed seven residues in gpF that seem to a¡ect ¢tness on E. coli C compared with S. typhimurium di¡erentially (six were identi¢ed in Crill et al. (2000) , and we have since identi¢ed a seventh because of convergence between S13 selected on E. coli C and fX174 selected on Salmonella (this study)). These seven host switching sites occur in a band on the surface of gpF (¢gure 1c) near the viral spike formed by gpG (¢gure 1a). In the intact capsid, they form a ring round the spike. Five out of these seven changes are seen in these experimental lines (¢gure 1b), and three of these residues di¡er between the parental phages, fX174 and S13 (¢gure 1d ). Furthermore, this region of gpF has the bulk of the di¡erences between a3 and fK for this protein (¢gure 1e), and it has undergone multiple radical amino-acid substitutions during the evolution of natural isolates characterized so far (Crill et al. 2000) . These results suggest that selection on multiple hosts might be important in the adaptive divergence of these phages in nature, that changes in response to host switching are clustered on the surface of the phage, and that a few sites might have a major e¡ect on this phenotype.
A related observation has recently been reported for in£uenza A (Bush et al. 1999; . With the use of sequences of the haemagglutinin protein from viral isolates taken over three decades of annual epidemics, this study identi¢ed a small set of amino-acid residues exhibiting accelerated rates of molecular evolution. In this case, the sites of interest did not show repeated evolution to the same amino acids, but rather showed multiple changes over time (directional evolution). The presumed basis of selection is attack by the immune system. These residues have the interesting property that they are being used to predict which strains among those currently circulating will die out and which will be the progenitors of circulating strains in future years. Together, the phage and in£uenza results point to a pattern of molecular evolution (under particular but perhaps broad types of selection) in which substitutions are con¢ned to speci¢c amino-acid residues.
A deliberate comparison between natural and experimental variation was engineered in b-lactamase (Huang et al. 1996; Palzkill & Botstein 1992) . Site-directed mutagenesis was used to randomize codons systematically, two at a time, across the entire molecule. Variants retaining antibiotic resistance were sequenced and compared with codons observed in natural isolates, revealing a remarkable similarity but with some important di¡erences. In this comparison, the experimental variants were not necessarily selectively advantageous, but were merely shown to maintain activity above a threshold.
It is unknown how similar our parental phages are to the phages originally obtained from nature. Those isolates were obtained half a century ago and are no longer available in original form (having been passaged periodically to maintain high titres). In view of the ease with which phages evolve in culture and the known variation between di¡erent stocks originating from the same virus (for example, compare Bull et al. (1997) , Sanger et al. (1977) and Fane & Hayashi (1991) ), we can presume that several base substitutions have accumulated during their 50-year maintenance. Could that process explain some of the concordance between experimental substitutions and parental phage di¡erences? The possibility seems remote, because laboratory propagation should already have eliminated some di¡erences between the phages. However, this question is perhaps unanswerable directly until new isolates have been obtained from the wild and adapted to the laboratory. Our ¢ndings concern the existing di¡erences between parental S13 and fX174, and their propagation in the laboratory on the same host and under similar conditions might already have eliminated some parental di¡erences that would have contributed to our pattern.
In conclusion, we have a puzzling result: experimental lineages of two bacteriophages evolved substitutions that strongly converged on di¡erences between the parental genotypes. This pattern might have been created through a combination of factors: large population size, constraints on residues capable of responding to selection, and common selection between our experiments and evolution in nature. Recent work on molecular evolution of the haemagglutinin protein of in£uenza A and the antibiotic resistance gene b-lactamase reveals some parallels to the phage results.
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APPENDIX A
In table A1, nucleotide positions, numbered according to the positions for fX174 in GenBank accession V01128 (Sanger et al. 1977) , are shown in column 1. Nucleotide positions that di¡er between the parental phage are preceded by a symbol indicating the degree of convergent evolution in the experimental lineages: convergent substitutions are indicated by a single asterisk ( * ) if they occurred in one direction only, and by a double asterisk 
